High power tip sonication was used to prepare dispersions containing multi-walled carbon nanotubes (MWNTs), or multi-walled carbon nanotubes functionalised with carboxylic acid groups (MWNT-COOH) or amine groups (MWNT-NH2). The dispersion of carbon nanotubes was facilitated by the presence of a surfactant (Triton X-100) or various macrocyclic ligands (derivatised porphyrin, phthalocyanine or calixarene) in the solution. Vacuum filtration of the dispersions afforded self-supporting membranes known as buckypapers. Microanalysis provided evidence for retention of the surfactant or macrocyclic ligands in the buckypapers, which were also characterised by measurement of their electrical conductivities (24±16 to 58±11 S/cm), contact angles (28±1° to 55±10°) and mechanical properties (tensile strengths varied between 1.6±0.7 and 13±2 MPa). The surface and internal morphologies of the buckypapers were similar to each other, which correlates with the lack of variation observed in their permeability's towards water. The ability of selected buckypapers to remove trace organic contaminants (TrOCs) was also examined. A buckypaper prepared using Triton X-100 as the dispersant showed more than 80% removal efficiency for 11 out of the 12 TrOCs investigated in this study. On the other hand, a buckypaper prepared from MWNTs and phthalocyaninetetrasulfonic acid exhibited lower removal efficiencies for these TrOCs, possibly due to their smaller specific surface area.
Introduction
There is considerable interest in the development of new materials for desalination and other membrane filtration applications [1] . This stems from problems associated with currently available materials, such as membrane fouling, short service lifetimes and low solute selectivity. Carbon nanotubes (CNTs) have attracted growing attention as a new material for preparing membranes that may overcome these problems. Interest in CNTs has been spurred by theoretical studies performed using molecular dynamics simulations, which revealed that they are exceptionally permeable towards gases and liquids [2, 3] . Furthermore, experiments performed with membranes composed of aligned CNTs have demonstrated their capacity to selectively filter solutes on the basis of differences in their sizes. Such behaviour was exhibited by aligned membranes composed of multi-walled carbon nanotubes (MWNTs), which transmission electron microscopy revealed had diameters measuring 6.5 nm [3] . The membranes were shown to allow the passage of gold nanoparticles with diameters of 2 or 5 nm, and [Ru(bipy) 3 ] 2+ molecules which are even smaller, but not gold nanoparticles with diameters > 10 nm. Other studies have also shown that membranes composed of aligned CNTs can perform a variety of filtration tasks, including separating the components of a hydrocarbon mixture, and removal of microorganisms such as E. coli from aqueous solution [4] .
While the above results demonstrate that membranes composed of aligned CNTs show great promise as membrane materials, they are costly and difficult to produce on a scale that is sufficiently large for commercial applications. For example, the preparation of aligned CNT membranes may involve chemical vapour deposition or ion milling, which cannot readily be adapted for mass production of large membranes.
Furthermore, hazardous chemicals such as hydrofluoric acid may also be required to remove the substrate an aligned array of CNTs is deposited on. It is for these reasons that we, and others, have commenced exploring the potential of another class of CNT membranes known as buckypapers for filtration applications.
Buckypapers can be fabricated from dispersions of CNTs prepared by applying ultrasonic energy to samples containing commercial nanotubes and a suitable dispersant molecule. The high energy imparted through the use of an ultrasonic horn enables large bundles of nanotubes to be physically separated, with the resultant individual tubes stabilised through non-covalent interactions with dispersant molecules [5, 6] . Filtration of these dispersions onto a support membrane, using either vacuum or positive pressure, then results in formation of the buckypaper [7] , which consists of a tangled bed of nanotubes with a range of pore sizes that are larger than those present in aligned CNT membranes.
To date only a few studies have described the filtration characteristics of buckypapers. Early investigations into the permeability of buckypapers reported results obtained using composite materials consisting of the buckypapers still attached to their original polyvinylidene (PVDF) support membranes [8, 9] . These composite materials have been proven to be highly effective for removing bacteria and viruses from water supplies. Evidence has also emerged that buckuypapers could be used for desalination [10] or gas separation [11] . Recent research suggests that it may be possible to control the porosity of buckypapers by changing the average length of the MWNTs used in their preparation [12] .
Recently, we reported the preparation of buckypapers composed entirely of single-walled carbon nanotubes (SWNTs) [13] . No supporting membrane was present in these buckypapers, which were obtained by vacuum filtration of aqueous dispersions of SWNTs, which were prepared using either Triton X-100, or one of several macrocyclic ligands including a derivatised porphyrin and calixarene, to assist in formation of the dispersion. Microanalysis and Energy Dispersive X-ray spectroscopic examination of the buckypapers provided direct evidence for retention of the macrocyclic molecules within the structure of the membrane. Scanning electron microscopy and analysis of nitrogen adsorption/desorption isotherms showed that both the surface and internal morphologies of the buckypapers were strongly dependent on the macrocyclic molecules that had been incorporated into its structure during preparation. It was therefore not surprising that the permeability of the buckypapers towards water varied markedly.
Here we describe the preparation and properties of MWNT buckypapers, and the results of an investigation into their permeability towards water. Each of the buckypapers was synthesised using a MWNT dispersion prepared using Triton X-100 or one of the macrocyclic ligands used in our previous study involving SWNT buckypapers [13] . This enabled us to complete our first objective of examining the effect of incorporating different dispersants into MWNT buckypapers on their permeability towards water, as well as compare the aqueous permeability of MWNT and SWNT buckypapers prepared under identical conditions. Our second aim was to explore for the first time the ability of buckyapers to remove trace organic contaminants (TrOCs) from an aqueous solution. Filtration experiments were conducted to determine the permeability of the MWNT buckypapers towards a single TrOC (bisphenol A (BPA)), as well as a mixture of 12 TrOCs. The presence of these TrOCs in the environment is of significant concern owing to their ability to disrupt normal functioning of the endocrine system [14, 15] . As a consequence there have been a number of studies that have investigated the use of different membrane systems to remove TrOCs from water supplies [16] [17] [18] [19] [20] . There has also been interest in using carbon nanotubes in electrochemical sensors for detecting BPA [21, 22] or in devices used for its quantitative analysis [23] . Furthermore the ability of CNTs to remove BPA by adsorption has been explored [24] [25] [26] . Despite this, to the best of our knowledge, this is the first study which has examined the potential of free-standing buckypaper membranes to remove TrOCs from an aqueous solution.
Materials and methods

Reagents
All MWNTs used in this study were produced by Nanocyl S. Sigma-Aldrich were used as model trace organic contaminants (TrOCs).
Preparation of MWNT dispersions
All dispersions were prepared in Milli-Q water (resistivity 18 M cm) using 
Preparation of buckypapers
Small, circular buckypapers measuring approximately 35 mm in diameter were obtained using the following procedure. Two dispersions prepared as described above mL of Milli-Q water and then 10 mL of methanol (99.8%, Merck) whilst still in the filtration unit. This procedure was adapted from our previous study involving SWNT buckypapers [13] , and was found to be sufficient to remove any loosely bound dispersant molecules on the membrane surface, as evidenced by the disappearance of foam that appeared during the early stages of the washing process. This indicates that the washing procedure was successful in removing loosely adhering dispersant molecules. After washing, the damp buckypaper was allowed to dry overnight after being placed between absorbent paper sheets. The dry buckypaper was then carefully peeled away from the underlying commercial membrane filter. conductivities and mechanical properties of buckypapers were measured using equipment and methods reported previously [13, 27] .
Characterisation techniques
A Micromeritics ® surface area analyser (ASAP 2020) was used to obtain nitrogen adsorption/desorption isotherms for all buckypapers at 77 K. Prior to analysis, samples were placed under vacuum at 200 °C to remove any residual trapped gases. Analysis of the resulting isotherms using the Horvath-Kawazoe (HK) and Barrett, Joyner and Halenda (BJH) methods afforded the distribution of small and large pores, respectively [28, 29] . In addition, the isotherms were analysed using the multipoint Brunauer, Emmett, and Teller (BET) method to calculate the specific surface areas of the buckypapers [30] .
Permeability studies
A custom-made dead-end filtration cell setup was used to measure the permeability of the buckypapers towards water. 
Results and discussion
Composition and surface morphology of buckypapers
We previously reported that a sonication time of 30 min was suitable for preparing MWNT/Trix and MWNT/cipro (cipro = ciprofloxacin) dispersions [32] .
Consequently all dispersions used to make buckypapers in the current study were prepared using the same sonication time in order to facilitate comparison of their physical properties. Filtration of these dispersions gave uniform buckypapers that could be readily removed from their underlying support membranes. Evidence for retention of Trix or macrocyclic ligands in the buckypapers is provided by the microanalytical results shown in Table 1 . The as-received MWNTs used to prepare the buckypapers consisted almost entirely of carbon, with the only other element present to a significant extent being hydrogen. There was no nitrogen present, and virtually no sulfur as well. This was important to establish as these elements were expected to be present in many of the buckypapers if the latter retained significant amounts of macrocyclic dispersant.
Comparison of the percentage of carbon present in buckypapers containing C6S, PTS and TSP to the fraction of this element present in the raw MWNTs revealed a decrease of 14 -15% in all cases. This was accompanied by an increase in the fraction of hydrogen present. In addition, these three buckypapers contained significant amounts of nitrogen and/or sulfur. Both sets of observations are consistent with small amounts of C6S, TSP and PTS being retained in the buckypaper samples, even after they had been thoroughly washed after preparation. Addition of the elemental percentages in Table 1 for the MWNT/C6S, MWNT/PTS and MWNT/TSP buckypapers does not equal 100%. This is because these dispersants also contain a significant amount of oxygen, which was not analysed for as part of this work.
The fraction of carbon present in a MWNT/Trix buckypaper was slightly less than that in the MWNT starting material, while the fraction of hydrogen was slightly greater. In addition, the MWNT/Trix buckypaper did not contain significant amounts of either sulfur or nitrogen. Each of these results is consistent with a small amount of Trix being retained by the buckypaper, as this dispersant does not contain either nitrogen or sulfur. Overall the changes in elemental composition between the raw MWNTs and buckypapers shown in Table 1 are comparable to those seen previously with the analogous membranes prepared using SWNTs [13] .
Physical properties of buckypapers
The mechanical properties of the different buckypapers were evaluated using the tensile test method. Further interest in performing this investigation stemmed from our inability to reproducibly prepare SWNT buckypapers containing many of the same dispersants, as a result of their inconsistent and sometimes poor mechanical properties. A typical set of results is presented in Figure 2 , with all buckypapers exhibiting stress/strain curves that were linear at low strain, but displayed significant curvature at higher values. These results suggest that the buckypapers fail ultimately owing to their inherently brittle nature. Reflecting this, all buckypapers failed when an applied strain between 0.2 and 1.2% was applied. Using the data contained in the stress/strain curves we were able to derive the values of Young's modulus, tensile strength and ductility presented in Table 2 .
Inspection of Table 2 MWNTs is either comparable to, or a factor of between two and five times smaller, than values reported previously for the corresponding buckypapers synthesised using SWNTs and the same dispersant molecules [13] . This is illustrated by comparing the tensile strengths of the two classes of buckypapers. In the case of MWNT/PTS, the tensile strength was determined to be 13 ± 2 MPa, which is similar to the value reported previously for SWNT/PTS (15 ± 6 MPa) [32] . However, the tensile strengths for MWNT buckypapers prepared using C6S, TSP and Trix dispersants (2.5 ± 1.2 to 5.6 ± 2.6 MPa) are all significantly lower than that for the corresponding membranes produced using SWNTs (13 ± 9 to 20 ± 10 MPa) [13] . Similar trends may be discerned after comparing the other mechanical properties reported here for MWNT buckypapers, with those in the literature for the corresponding materials synthesised using SWNTs [13] . Based on this evidence the latter materials are the more robust of the two classes of buckypapers.
Although MWNT-COOH/Trix buckypapers exhibited the highest Young's modulus, the mechanical properties of MWNT-COOH/Trix and MWNT-NH 2 /Trix generally proved to be the poorest of all the materials examined. For example, MWNT-NH 2 /Trix showed the lowest tensile strength (and MWNT-COOH/Trix the third lowest), and both buckypapers prepared using substituted MWNTs exhibited poorer values of ductility than the remaining materials. The lack of robustness in these materials resulted in measurements of their permeability to water having to be conducted over a very narrow range of applied pressures compared to each of the other materials examined. Table 2 shows that the electrical conductivity of the MWNT buckypapers fall within the range 24 ± 16 to 58 ± 11 S/cm. This is a narrower range of values compared to those reported previously for the corresponding SWNT buckypapers [13] . This suggests either that incorporation of the dispersants has a smaller effect on the electrical properties of membranes composed of MWNTs, or that smaller amounts of dispersant molecules were present in the latter materials. On some occasions the conductivities of buckypapers prepared using the same dispersant, but different types of CNTs, varied significantly. For example, the conductivity of a SWNT/PTS buckypaper was stated previously to be 220 ± 60 S/cm [13] , while the value reported here for the analogous material prepared using MWNTs is 58 ± 11 S/cm. This is consistent with the results of an earlier investigation, which showed that the conductivity of buckypapers prepared using SWNTs and either the antibiotic ciprofloxacin, or the surfactant Trix, were greater than that of the corresponding materials prepared using MWNTs and the same dispersant molecules [32] .
The contact angles of the buckypapers reported in Table 2 cover a relatively narrow range of values that indicate each membrane is hydrophilic in nature. This is an important property for a material to exhibit if its intended primary use is to function as a filtration membrane for separation of molecules in aqueous solutions. In general the contact angles reported here are similar to those reported previously for analogous buckypapers prepared using SWNTs and the same dispersant molecules [13] , suggesting that the choice of CNT has little effect on the wettability of these materials.
Internal morphology
The SEM images illustrated in Figure 1 suggest that each of the buckypapers have similar surface morphologies, regardless of the type of carbon nanotube (MWNT or substituted MWNT) or dispersant they were prepared from. This is further supported by the results of a quantitative analysis of the pore openings of these materials, which are summarised in Table 2 . Each of the buckypapers was found to have surface pores with average diameters > 50 nm. These values are significantly larger than those reported previously for the corresponding materials prepared using SWNTs and the same dispersants, which were shown by SEM to exhibit a greater variety of surface morphologies [13] .
In order to investigate whether the internal morphologies of the materials also exhibited similar features to each other, nitrogen adsorption/desorption measurements were performed on the buckypapers. Fig. 3 shows representative examples of the isotherms derived by performing these measurements. In each case the data obtained resulted in a type IV isotherm, with hysteresis being exhibited at higher relative pressures. The isotherms illustrated in Fig. 3 are similar in overall appearance to those reported previously for buckypapers prepared using MWNTs or SWNTs, and dispersants similar to those used in the current study [13, 32] .
Analysis of the isotherms derived from nitrogen adsorption/desorption measurments for all buckypapers was performed using the Barrett, Joyner and Halenda (BJH) [29] and Horvath-Kawazoe (HK) methods [28] . This enabled the distribution of large and small pores, respectively present within the materials to be calculated, along with other aspects of the internal morphology of the buckypapers presented in Table 3 . In addition, the surface areas of the buckypapers shown in Table   3 were derived through analysis of the binding isotherms using the Brunnauer, Emmett and Teller (BET) method [30] . The insets in Fig. 3 show the pore size distributions derived through application of the BJH and HK methods to the isotherms determined for these buckypapers. In both cases a large peak is present at ~ 0.75 nm, which is attributed to the presence of interstitial pores between individual nanotubes within nanotube aggregates. In addition, a much broader peak is present between ~ 5 and 6 nm owing to the presence of larger pores present between aggregates of nanotubes. The pore distribution curves calculated for the other buckypapers examined as part of the current study showed similar features to those seen in Fig. 3 .
Inspection of the data presented in Table 3 shows that each of the internal pore characteristics of the buckypapers generally fall within a relatively narrow range of values. The average internal pore diameters of the membranes vary between 10 ± 1 and 26 ± 3 nm, while the average nanotube bundle diameters range between 7.1 ± 0.1 and 15 ± 0.1 nm. These values contrast with those obtained previously for buckypapers prepared using SWNTs and Trix, C6S, PTS, TSP or sulfated -cyclodextrin (-CD) [13] . With the exception of SWNT/PTS, the average internal pore diameter of these SWNT buckypapers was reported previously to vary from 2.0 ± 0.2 nm to 4.0 ± 0.4 nm [13] . In contrast, the MWNT buckypapers examined as part 
Water permeability studies
The permeability of the buckypapers towards water was determined using a dead-end filtration cell. Experiments were commenced by increasing the pressure applied to the feed solution, until water could be seen entering the receiving cell. The volume of water to enter the receiving cell was then monitored for approximately 10 min, before the applied pressure was increased and the process repeated. For each buckypaper examined, transport of water commenced when the applied pressure was less than 1 bar (Table 4 ). There was little difference between the pressures required to initiate water transport across each of the buckypapers, or with those applied to induce the passage of water across similar membranes composed of SWNTs in an earlier study [13] . Increasing the pressure applied to all buckypapers composed of MWNTs or substituted MWNTs resulted in the amount of water permeating across the membrane also increasing.
The permeate flux of each type of buckypaper increased linearly as expected when the applied pressure was increased (Fig. 4) . The MWNT-NH 2 /Trix and MWNT-COOH/Trix buckypapers could only sustain a small pressure (i.e. 0.38 and 0.26 bar, respectively) before they ruptured (Table 4) , and the membranes failed. This may be attributed to the significantly poorer mechanical properties of these two buckypapers, as noted in Section 3.2. The membrane permeability's (f) were derived from the slopes of the plots in Fig. 4 using where A is the effective area of the membrane exposed to water, and P is the pressure difference applied across the membrane. The permeabilites of the buckypapers are presented in Table 4 . Changing the identity of either the type of CNT (functionalised or non-functionalised) or dispersant present in the buckypaper had little effect on membrane permeability. In contrast, SWNT buckypapers prepared using Trix, C6S, PTS and TSP as dispersants were found to exhibit a considerable range of membrane permeability [13] .
Furthermore the permeability of the SWNT buckypapers was in all cases much greater than that of the corresponding membranes prepared using MWNTs examined in the current study. This result contrasts with that reported in a recent investigation into the permeability of buckypapers prepared from SWNTs or MWNTs towards different fluids [33] . In the latter investigation buckypapers prepared from SWNTs There are a number of possible factors that may contribute to the lower permeability of MWNT (and functionalised MWNT) buckypapers we have prepared, compared to those made from SWNTs we studied previously, as well as the lack of sensitivity of the former group of materials to changes in the dispersant incorporated into their structure. One is variation in the thicknesses of buckypapers prepared from SWNTs on the one hand, and either MWNTs or functionalised MWNTs on the other.
Comparison of the buckypaper thicknesses presented in Table 4 with those obtained previously for buckypapers composed of SWNTs [13] , however, reveals no significant variations. This indicates that the lower permeability displayed by the MWNT buckypapers in the present study are not due to water having to permeate across materials with a greater overall thickness.
The most likely cause of the variations in permeability between SWNT and MWNT buckypapers is therefore differences in internal pore structure revealed by analysis of nitrogen adsorption/desorption isotherms. In particular, it was noted above that MWNT buckypapers have an internal structure consisting of pores with much larger average diameters and therefore greater volumes than most of their SWNT counterparts. This internal structure is most likely forced upon MWNT buckypapers by the presence of what are generally much larger aggregates of nanotubes than those present in SWNT buckypapers [13] . The presence of larger internal pores in MWNT buckypapers may result in a greater number of water molecules becoming trapped, instead of passing rapidly across the membrane as is found with the corresponding materials composed of SWNTs. Consistent with this idea is the observation of very fast rates of transport through the centre of individual nanotubes present in aligned membranes. This has been attributed in part to the formation of ordered chains of water molecules held together by strong hydrogen bonds, which flow within the confined spaces of the individual nanotubes in a friction-free manner [34, 35] .
Rejection of trace organic contaminants
The results presented above demonstrate the permeability towards water of membranes composed of MWNTs or substituted MWNTs. Although each of the membranes exhibited a permeability that was less than that determined previously for similar materials composed of SWNTs, the selectivity exhibited by a membrane towards solutes of interest can be an even more important property when assessing suitability for specific applications. It was therefore decided to investigate the ability of the buckypapers to reject typical organic contaminants. Experiments were initially performed using MWNT/Trix, MWNT/PTS, MWNT-NH 2 /Trix and MWNT-COOH/Trix buckypapers and feed solutions containing BPA. The experiments were conducted using the same dead-end filtration apparatus used for performing permeability measurements. Fig. 5 shows the results of these experiments.
In the case of MWNT/Trix, MWNT-NH 2 /Trix and MWNT-COOH/Trix buckypapers the extent of BPA removal remained constant at approximately 90% throughout the experiment. Mass balance calculations performed using these buckypapers showed that there was significant retention of BPA by the membrane in all cases. This suggests that each of these buckypapers exhibits a significant ability to retain BPA molecules, most likely by an adsorption mechanism. In contrast, Fig. 5d shows that the removal of BPA by MWNT/PTS buckypapers clearly decreased as the experiment progressed. Mass balance calculations performed with this buckypaper showed that, within experimental error, all BPA eventually passed through this particular membrane. This suggests that MWNT/PTS buckypapers lack the ability to adsorb significant amounts of BPA that was exhibited by each of the other three types of membranes examined. One possible explanation for this unexpected result centres on the lower surface area of MWNT/PTS buckypapers compared to each of the other membranes (Table 3) , which may result in a smaller number of sites for analyte adsorption to occur.
In order to further explore the potential of the buckypapers to reject organic compounds, a second set of experiments was performed using solutions containing a total of twelve TrOCs, and either a MWNT/Trix or MWNT/PTS buckypaper. The organic molecules chosen for examination included pharmaceuticals, personal care products and pesticides. Their molecular weights are less than 400 g/mol. These TrOCs included compounds with a range of net charges at neutral pH, and different hydrophobicities (Table 5 ). Figure 6 illustrates the results of these rejection experiments.
Inspection of the data shown in Figure 6a , which was obtained using a MWNT/Trix buckypaper, shows that the extent of removal of most of the TrOCs was ≥ 90%. The one notable exception to this trend was observed with primidone, which is a hydrophilic and neutral pharmaceutical. In contrast to the above results, Figure 6b shows that a MWNT/PTS buckypaper was much less effective at removing TrOCs from solution. After the conclusion of the experiment, only four compounds were removed to an extent of 60% or greater, while for the remaining eight compounds the final removal efficiencies were less than 40%. The lower removal efficiency of MWNT/PTS is in accord with the results observed during experiments performed using BPA, and again may be attributable to the lower surface area of this material. However, it is not possible to readily discern a reason why some TrOCs were removed by the MWNT/PTS buckypaper far more efficiently than others, based on differences in hydrophobicity, molecular weight and charge. Whilst these experiments therefore further highlight the ability of MWNT buckypapers to remove organic compounds from solution, and in some cases with a degree of specificity, further work is required to determine the origin of the latter property.
Conclusion
Uniform, free-standing buckypaper membranes were successfully produced from 
